


2. Instrumentation, Event Selection, and Data Analysis

2.1. Instrumentation

We use data obtained by the Suprathermal Energetic Particle
(STEP) instrument, which is part of the Energetic Particles:
Anisotropy, Composition, and Transport(EPACT) invest-
igation (von Rosenvinge et al.1995) on board theWind
spacecraft, launched in 1994 November(von Rosenvinge et al.
1995). STEP uses time-of-� ight versus residual energy
measurements to identify elements over the He-Fe in the
� 0.02–2 MeV nucleonŠ1 energy range in two identical tele-
scopes, with a geometric factor of 0.4 cm2 sr and a rectangular
� eld of view with an angular acceptance of 44° in azimuth and
17° in polar angle. STEP comprises two telescopes with a
sampling region± 35° from the ecliptic on the spinning
spacecraft; for this investigation we only use data obtained
by Telescope 1. We also use solar wind data from the Solar
Wind Ion Composition Spectrometer(SWICS) instrument
(Gloeckler et al. 1992) on the ACE spacecraft. SWICS
determines the mass and ionic charge state composition of
solar wind ions; for this study we use the 1 hr averaged Fe/ O
ratios. Due to the later launch ofACE, the solar wind Fe/ O
from ACE/ SWICS is not available for all events studied; 31 of
the 41 events examined had coverage by bothWindandACE.

2.2. Event Selection

We start with the list of compression regions observed at
1 au between 1995 January 1 and 2008 December 31 identi� ed
by Broiles et al. (2012) using plasma and magnetic� eld
properties. For this study we selected 41 out of the original 153
events from the Broiles et al.(2012) list. 105 events were
excluded for a variety of reasons; in 75 events, the particle
time-intensity pro� les were atypical of CIR events because
they exhibited velocity dispersion typical of solar energetic
particle(SEP) events that are injected near the Sun(e.g., Mazur
et al. 1999), the Broiles et al.(2012) time intervals included
multiple and overlapping CIRs, or the plasma signatures of the
CIRs did not overlap with increases in the particle intensities.
27 events had strong contributions from upstream events,
which enhanced the particle intensities at energies below
� 80 keV nucleonŠ1 (e.g., Desai et al.2000). The upstream
events were identi� ed by comparing the intensities at
� 20–40 keV nucleonŠ1 and� 160–320 keV nucleonŠ1 in each
individual event. Furthermore, 10 events were excluded
because the� 160–320 keV nucleonŠ1 Fe/ CNO ratio had
relative uncertainty> 35%. A complete list of the 41 events
studied here is given in Table1; events in the Mason et al.
(2008) study are also identi� ed. In 28 cases, we modi� ed the
event start or stop times from the original Broiles et al.(2012)
survey to achieve the following:(1) include all ST particles
associated with the CIR event;(2) exclude unrelated trailing
events, such as potential coronal mass ejections that overlapped
with the trailing boundary of the CIR event, and(3) remove
upstream events that originate from the bow shock and
contribute to the ion intensity or� uences at lower energies.

Figure 1 shows hourly averages of(a) the � 20–320
keV nucleonŠ1 ST ion intensities,(b) the solar wind speed,
(c) magnetic � eld strength, and(d) the solar wind proton
density for event number 14 in Table1. The 13 day time
interval shown(2000 March 17–March 30) encompasses the
CIR duration(black vertical lines) as identi� ed by Broiles et al.

(2012) along with data obtained a few days surrounding the
event. This CIR displays particle, plasma, and� eld signatures
that are typical of previously reported CIR observations at 1 au
(e.g., Jian et al.2006). Speci� cally, the peaks in the magnetic
� eld strength and the plasma density that de� ne the compres-
sion region are seen on 2000 March 22 10:55 UT prior to the
arrival of the high speed stream at 2000 March 22 18:56 UT. In
addition, the particle intensities peak in the high speed stream,
as reported, for example, by Mason et al.(1997). Figure1 also
shows the corresponding upstream interval we use in this study
to obtain the solar wind Fe/ O and the suprathermal Fe/ CNO
ratios (see Section3.6 for further details), which serve as
proxies for potential seed populations for the CIR.

2.3. Calculation of Abundance Ratios

The elemental abundance ratios provided in this study were
calculated using the event-integrated� uences during the sampling
intervals listed in Table1 in four different energy bands, namely
� 20–40, � 40–80, � 80–160, and� 160–320 keV nucleonŠ1. We
do not include the� 20–40 keV nucleonŠ1 NeS/ CNO in this
study because STEP does not have suf� cient mass resolution for
NeS at these energies. The 41 events are separated into those that
occurred during solar maximum and those that occurred during a
solar activity phase more representative of solar minimum. Solar
maximum is de� ned as the time period when average monthly
smoothed sunspot number is equal to or greater than 75, and solar
minimum includes time periods from 1995 January 1 to 2008
December 1 when the sunspot number falls below 75. Solar
maximum is from 1998 December through 2003 February 1 and
includes 6 events; the remaining 35 events occur during solar
minimum.

3. Properties of CIR Suprathermal Abundances

3.1. Solar Activity Dependence

We examine ST heavy ion abundances, their energy depend-
ence, and trends with solar activity cycle over 14 years, covering
all of solar cycle 23. Figure2(a) shows the hourly averaged
� 160–320 keV nucleonŠ1 CNO intensity measured over 14 years
along with the corresponding hourly averaged intensity in the 41
events; blue circles: events in solar minimum; red squares: events
during solar maximum. Figure2(b) shows that the Fe/ CNO
varied with the sunspot number; see Figures2(b) and(c). Up to
the year 2000, the Fe/ CNO in CIRs is well below that of the
corresponding solar wind value; the Fe/ CNO increases to values
slightly below that of gradual SEPs between 2000 and 2003. We
remark that this trend follows the sunspot number and is seen over
the entire ST energy regime of� 20–320 keV nucleonŠ1 covered
in this study.

3.2. Event Statistics

To obtain a clearer picture of the ST abundance trends, we
study the event-to-event variations in abundance distributions,
and event durations for the 41 events. Figure3 shows the
distribution of event durations; the mean duration is 2.96 days
for all the events, with a mean of 2.66 days for solar minimum
and 3.74 days for solar maximum. However, the 1-sigma
uncertainties in the mean values make these differences
insigni� cant. Furthermore, although the solar maximum events
have higher Fe/ CNO ratio, and slightly longer event durations,
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slightly below, the Fe/ O ratio of the fast solar wind(von
Steiger et al.2000).

4.2. Source Population

Table2 and Figure2(b) show a clear trend in the average ST
heavy ion abundances in CIRs with solar cycle, with SEP-like
abundances during solar maximum and depleted SW-like values
during solar minimum. Possible explanations for these depleted
values during solar minimum include M/ Q dependent transport
through the interplanetary medium, or acceleration mechanisms
that accelerate ions with higher M/ Q ratios less ef� ciently than

those with lower M/ Q ratios, hence depleting the abundances of
ions with higher M/ Q ratios(Desai et al.2003, 2009). The exact
nature of the depletion mechanisms remains an open question
that requires further work.

Similar solar cycle variations in the Fe/ O abundances are also
observed in the ST quiet-time populations(Desai et al.2006b,
2009; Dayeh et al.2009, 2016) and are interpreted as evidence
of CIRs or SEPs contributing to ST material during different
phases of solar activity. Thus, the abundance measurements of
both quiet times and local compression regions studied here
indicate the acceleration of ST material from prior solar and
interplanetary activity, which varies with solar activity.

Figure 7. Fe/ CNO abundance at� 160–320 keV nucleonŠ1 vs. solar wind speed. CIR events are shown as a function of solar activity: solar maximum events are red
(squares), and solar minimum events are blue(circles). Average abundances(lines) with errors(shaded bars) are also shown for gradual SEPs(Desai et al.2006b),
slow solar wind, and fast solar wind(von Steiger et al.2000).

Figure 8.Scatter plots of CIRs STs vs. upstream STs(top) and vs. upstream solar wind(bottom) abundances during each 18 hr interval for the 6 days prior to the CIR
start interval. The calculated Spearman correlation coef� cient andp value are also given for each interval.
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We � nd no relation between SW speed and Fe/ CNO
abundances, unlike Richardson et al.(1993). This leads us to
conclude that there is no relationship between SW speed and
abundance of ST heavy ions in CIRs, consistent with the

study by Mason et al.(2008). Furthermore, since the upstream
ST populations are not identi� ed with speci� c event types
(i.e., CIR, quiet-time, SEP-like), we believe that they
comprise a mix of ions from multiple sources, providing

Figure 9. (a) The correlation coef� cient for the Fe/ CNO during the event at� 20–40 keV nucleonŠ1 when compared to both the upstream� 20–40 keV nucleonŠ1

Fe/ CNO (solid line) and upstream solar wind Fe/ O (dashed line) and(b) and associated probability of non-correlation.

Figure 10. CIR Fe/ CNO abundances at� 20–40 keV nucleonŠ1 (top panels) and� 160–320 keV nucleonŠ1 (bottom panels) plotted vs. left(a), (c): upstream solar
wind Fe/ O, and right(b, d): upstream� 20–40 keV nucleonŠ1 Fe/ CNO. The lines of best� t are plotted, and the events that occurred during solar maximum are
shown by red squares, while solar minimum events are blue circles. In(b) and(d) the open symbols indicate the 10 events that are not included in the solar wind
correlation. Also shown is the slow solar wind Fe/ O ratio of 0.120± 0.024(von Steiger et al.2000).
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